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Evolution of Homeobox Gene
Clusters in Animals: The Giga-Cluster
and Primary vs. Secondary Clustering
David E. K. Ferrier *
The Scottish Oceans Institute, Gatty Marine Laboratory, University of St Andrews, St Andrews, UK
The Hox gene cluster has been a major focus in evolutionary developmental biology.
This is because of its key role in patterning animal development and widespread
examples of changes in Hox genes being linked to the evolution of animal body plans
and morphologies. Also, the distinctive organization of the Hox genes into genomic
clusters in which the order of the genes along the chromosome corresponds to the
order of their activity along the embryo, or during a developmental process, has been
a further source of great interest. This is known as collinearity, and it provides a clear
link between genome organization and the regulation of genes during development,
with distinctive changes marking evolutionary transitions. The Hox genes are not alone,
however. The homeobox genes are a large super-class, of which the Hox genes are
only a small subset, and an ever-increasing number of further gene clusters besides
the Hox are being discovered. This is of great interest because of the potential for
such gene clusters to help understand major evolutionary transitions, both in terms of
changes to development and morphology as well as evolution of genome organization.
However, there is uncertainty in our understanding of homeobox gene cluster evolution
at present. This relates to our still rudimentary understanding of the dynamics of genome
rearrangements and evolution over the evolutionary timescales being considered when
we compare lineages from across the animal kingdom. A major goal is to deduce
whether particular instances of clustering are primary (conserved from ancient ancestral
clusters) or secondary (reassortment of genes into clusters in lineage-specific fashion).
The following summary of the various instances of homeobox gene clusters in animals,
and the hypotheses about their evolution, provides a framework for the future resolution
of this uncertainty.
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INTRODUCTION
Homeobox genes encode transcription factors that bind DNA in a sequence-specific fashion
through the homeodomain motif and control the expression of their target genes in a huge range
of developmental processes (Duboule, 1994). It is difficult to find a developmental gene network
in animals that does not include a homeobox gene. These genes are taxonomically widespread,
being found in animals, plants, fungi, and protists (Derelle et al., 2007; Mukherjee et al., 2009; de
Mendoza et al., 2013; Mishra and Saran, 2015) and are thought to have evolved from some sort of
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Helix-turn-Helix protein similar to those found in prokaryotes
(Laughon and Scott, 1984; Kenchappa et al., 2013). Focusing
on the homeobox genes of animals, eleven classes of gene
families are usually recognized: ANTP, PRD, LIM, POU, HNF,
SINE, TALE, CUT, PROS, ZF, and CERS (Holland et al., 2007).
Several of these classes are distinct to animals and by implication
are likely to be linked to the evolution of aspects of animal-
specific biology (see Figure 1; Larroux et al., 2008; Degnan
et al., 2009; Suga et al., 2013) [but of course, not all animal-
specific biology is entirely attributable to homeobox genes and
other animal-specific genes exist (King et al., 2008; Suga et al.,
2013)].
Another notable feature of animal homeobox genes is that
a number of them exist in clusters that are widespread across
the animal kingdom. These include clusters of genes from the
ANTP-class (e.g., Hox, ParaHox, NK, Mega-homeobox, and
SuperHox clusters), the PRD-class (the HRO cluster and its
extension), the TALE-class (Irx cluster), and the SINE-class
(SIX cluster), as well as an intriguing “pharyngeal”gene cluster
composed of different classes of homeobox gene as well as
other gene families (Garcia-Fernàndez, 2005; Butts et al., 2008;
Mazza et al., 2010; Gómez-Marín et al., 2015; Simakov et al.,
FIGURE 1 | Evolution of the hypothetical metazoan “Giga-homeobox cluster.” Prior to the origin of animals there were only a small number of homeobox
genes, including TALE and CERS-class genes along with several further genes of uncertain affinities (Sebé-Pedrós et al., 2011). The genomic arrangement of these
genes is also unclear. In an ancestral metazoan a clustered array of homeobox genes likely existed, consisting of the precursors of several classes: the
“Giga-homeobox cluster.” The deduction of the composition of this array is described in the text. Further members of this array may be revealed by analyses of
additional metazoan genome sequences. Sub-components of this Giga-cluster include the ANTP-class Mega-cluster (see text for details; Pollard and Holland, 2000),
which had dispersed into at least four sub-components distributed on distinct chromosomes by the time of the bilaterian (protostome–deuterostome) ancestor (Hui
et al., 2012). One of these sub-components was the SuperHox cluster, composed of the true Hox genes (EuHox genes) and several additional ANTP-class genes that
were Hox-linked (HoxL). A second sub-component was the “NK cluster” genes with several NK-linked (NKL) genes (see text for details). Further gene clusters deriving
from within the Giga-cluster included the SINE/Six cluster and the PRD-class Mega-cluster (see text for details). The Iroquois/Irx cluster is different from the other
clusters described here because it expanded to a three-gene cluster independently in several distinct lineages (denoted by the brackets), most likely from a single
gene state in the bilaterian ancestor (see text for details). Continuous horizontal lines indicate clustering on the same chromosome. The single asterisk denotes that
further details are provided in the text and in Figure 2. The double asterisk denotes that further details are provided in the text and Figure 3.
2015; and see below). The composition of these clusters and
their retention in some animal lineages, but not others, has
been the focus of much interest as a possible route to insights
into the evolution of animal development as well as genome
organization and architecture. Here I provide an overview of
animal homeobox gene clusters and the hypotheses linked to
their evolution. I focus on gene clusters with deep evolutionary
history in the animals that have been conserved across multiple
phyla (“primary clustering”), and contrast these with genes being
rearranged to form a cluster that was not present ancestrally
(“secondary clustering”). I will avoid discussion of lineage-
specific instances of gene duplication that have produced,
for example, neighboring paralogs of a particular homeobox
family (e.g., mammalian examples summarized in Holland,
2013), except for the distinctive case of the Irx gene clusters
(see below). Since the evolution of the organization of the
Hox cluster has been extensively written about elsewhere (e.g.,
Monteiro and Ferrier, 2006; Duboule, 2007; Ferrier, 2010,
2012; Ikuta, 2011) and to a lesser extent its evolutionary
sister the ParaHox cluster (e.g., Ferrier and Holland, 2001;
Ferrier, in press), I will focus on other homeobox clusters
here.
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THE ANTP-CLASS MEGA-HOMEOBOX
CLUSTER WITHIN A HOMEOBOX
SUPERCLASS GIGA-CLUSTER
The Mega-homeobox cluster was first hypothesized by Pollard
and Holland (2000) on the basis of an analysis of the then
newly available human genome sequence (reviewed in Garcia-
Fernàndez, 2005). This hypothesized ancestral cluster of ANTP-
class genes includes the well-known Hox genes, as well as the
ParaHox genes along with many other ANTP-class families
(Pollard and Holland, 2000; Garcia-Fernàndez, 2005). The
hypothesis involves the ANTP-class genes evolving via a series
of tandem duplications that generated all of the precursors to
each of the ANTP-class families, such that there is a clustered
array of these family precursor genes together in a Mega-cluster
at some point early in animal evolution. Following the origin
of this Mega-cluster it is supposed that it started to break apart
during evolution, to leave the sub-components now observed
in genomes like that of amphioxus (Castro and Holland, 2003),
with the Hox cluster and several associated families on one
chromosome, the ParaHox cluster on another chromosome and
the NK cluster genes on a third chromosome (Pollard and
Holland, 2000; Castro and Holland, 2003; Hui et al., 2012).
The Mega-cluster hypothesis was mainly built on the
observation that Dlx genes and Msx4 are linked to Hox genes
in mammals (Pollard and Holland, 2000). This was thought
to be significant because these genes supposedly had greater
sequence similarity to the NK cluster genes (see below) than to
the Hox genes, which was taken as indicative of an ancestral
linkage of all of the Hox and NK cluster genes. The Msx4 data
was subsequently excluded when it was found that this gene
probably resulted from a retrotransposition event (Castro and
Holland, 2003), so that its genomic location in vertebrates cannot
necessarily be taken as indicative of the ancestral pre-vertebrate
location. This is because such an origin via retrotransposition
was distinct from the origins of the other vertebrateMsx paralogs
during the two rounds of whole genome duplication events (the
so-called 2R events) that occurred at the origin of the vertebrates.
Thus, the locations of the other Msx paralogs, rather than Msx4,
are more likely to be indicative of an ancestral Msx genomic
location.Msx1 andMsx2 (andMsx3 inmouse) are linked to genes
of the NK cluster (Pollard and Holland, 2000), which is discussed
further below.
The suitability of Dlx as the foundation for the Mega-cluster
hypothesis has now also been questioned (Hui et al., 2012). The
role of Dlx in the hypothesis hinged on the view that its sequence
was closer to those of the NK gene families (placing it within the
NK subclass), which led to Dlx sometimes being referred to as
an NK-like (NKL) gene (reviewed in Ferrier, 2008). With further
taxonomic sampling and a greater diversity of homeobox genes
being incorporated into molecular phylogenies and classification
analyses, it became clear that the NKL categorization of Dlx was
not justified (Ferrier, 2008; Hui et al., 2012). Since the molecular
phylogenies of the ANTP-class homeobox genes no longer
provided clear support for the Mega-cluster hypothesis, Hui et al.
(2012) attempted a different approach, of simply determining the
genomic linkage patterns of ANTP-class genes with the aim of
determining which are Hox-linked (HoxL) and which are NK-
linked (NKL). This change in definition of HoxL and NKL to
reflect unambiguous linkage of genes, rather than poorly resolved
or unstable phylogenetic relationships of homeobox families, was
the precursor to assessing whether distinct animal lineages (such
as the deuterostome amphioxus and the protostome Platynereis
dumerilii) had distinct remains of the hypothetical Mega-cluster
that represented the cluster breaking in different places in
independent lineages. If two distinct, but overlapping, patterns
of linkage had been found in these two animals then support for
theMega-cluster hypothesis would have been obtained. However,
Hui et al. (2012) instead made the surprising discovery that the
distribution of the ANTP-class genes across the chromosomes of
P. dumerilii is largely identical to the distribution in amphioxus.
This may have intriguing implications for potential functional
reasons for the retained clustering of some of these homeobox
genes across such large evolutionary distances, such as the subsets
of NK genes (discussed in Hui et al., 2012). Nevertheless, support
for the Mega-cluster hypothesis was not obtained. Instead, it
appears that the Mega-cluster had either already broken apart
into the distinct linkage groups and patterns that are now
present in both P. dumerilii and amphioxus by the time of their
last common ancestor (the protostome–deuterostome ancestor),
or the Mega-cluster never existed in the first place. Perhaps
the various ANTP-class families that are considered within the
context of the Mega-cluster hypothesis started to disperse across
an ancestral (pre-bilaterian) genome before all of these families
had come into existence, such that instead of a single Mega-
cluster there were several sub-clusters.
Additional members of the Mega-cluster or “Mega sub-
clusters” are now being found as further whole genome sequences
become available. These tight linkages and clustering are also
now extending beyond the ANTP-class. For example, the sine
oculis (So) gene from the SINE-class clusters with the ANTP-
class genes Empty spiracles (Ems) and Intermediate neuroblasts
defective-b (Ind-b) in the myriapod Strigamia maritima, as well as
theHmbox gene (from the HNF-class) clustering with the ANTP-
class genes Exex, Nedx, and Buttonless-a (Btn-a) (Chipman et al.,
2014). The first of these two S. maritima examples may in turn
relate to the SINE/Six gene clusters (see below), whilst the second
example constitutes an extension of a particular sub-component
of the Mega-cluster (or one of the “Mega sub-clusters”), the
SuperHox cluster (see below). For further discussion of the S.
maritima homeobox linkages, see the supplementary text in
Chipman et al. (2014).
There are additional examples found in non-bilaterian
lineages, such as clustering of a POU-class and ANTP-class gene
in a cnidarian (Kamm and Schierwater, 2007). Also, a number of
intriguing instances of homeobox clustering involving different
gene classes are found in the placozoan Trichoplax adhaerens
(Schierwater et al., 2008). These include the PRD-class gene
Goosecoid (Gsc) being clustered with ANTP-class genes of NK
families, the HNF-class gene (Hnf ) being clustered with a PRD-
class gene (Prd/Pax-like), there is a cluster of two PRD-class genes
(Arx1 and Arx2) with a TALE-class gene (Pknox) and there are
two instances of a LIM-class gene being clustered with a TALE-
class gene (Lim2/9 with Pbx/PBC, and Lim1/5 with Meis). There
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is also an instance of a LIM-class cluster that, thus far, seems
distinctive for T. adhaerens (Srivastava et al., 2010). These sorts of
intriguing single cases of homeobox gene clustering clearly need
to be examined more widely, to investigate whether they occur
in multiple species. This then will determine how they relate to
evolution of primary or secondary clustering, discussed further
below. In this vein, there are also a couple of instances of PRD-
class gene clustering in T. adhaerens that, in contrast to the LIM
cluster, do relate to more taxonomically-widespread clusters (see
below).
Since several of these different homeobox gene classes are
specific to the animals, it is reasonable to assume that they
arose via duplications (probably tandem) from an ancestral
metazoan homeobox gene. This likely resulted in an extensive
array of different homeobox genes in an early animal ancestor,
containing representatives of the precursors for most (perhaps
all) of the animal homeobox classes. Some of these genes
remained clustered and some of these conserved clusters were
retained into modern-day lineages due to functional constraints.
These constraints probably included long-range regulatory
mechanisms acting across multiple genes, either directly on
multiple promoters as occurs in Hox gene regulation (e.g.,
Tarchini and Duboule, 2006) or indirectly with long-range
enhancers spanning bystander genes (Kikuta et al., 2007). Further
study of the diversity of homeobox gene clusters across a diversity
of animal lineages is thus likely to lead to new insights into the
control mechanisms of clustered gene regulation. Furthermore,
we can now go beyond the ANTP-class Mega-cluster hypothesis
to a homeobox superclass “Giga-cluster” hypothesis (Figure 1).
THE SuperHox CLUSTER
The SuperHox cluster was first described by Butts et al. (2008).
This cluster was composed of eight ANTP-class genes that
could be deduced as being neighbors of the Hox gene cluster
in the bilaterian ancestor, including Mox, Hex, Ro, Mnx, En,
Nedx, Dlx, and Evx alongside Hox. The SuperHox cluster was
thus seen as a specific sub-component of the hypothetical
Mega-cluster and, as with the Mega-cluster, the SuperHox has
since been breaking apart during evolution in different places
on distinct animal lineages. The 15-gene SuperHox cluster,
which contained the eight genes listed above alongside seven
true Hox genes (or “EuHox” genes) in the bilaterian ancestor
(Balavoine et al., 2002), was deduced from comparisons of the
conservatively evolving genomes of amphioxus and the red flour
beetle (Tribolium castaneum; Butts et al., 2008). An important
assumption underpinned the construction of this cluster from
the amphioxus and beetle data; since these genes all belong
to the ANTP-class and hence have evolved from each other
via duplication, then it is most likely that these duplications
were tandem and that the ancestral genes for each family first
arose as close genomic neighbors. Thus, ANTP-class genes that
are found as close neighbors in extant animals, like amphioxus
and the red flour beetle, are more likely to reflect descent
from a state in which the genes were neighbors, rather than
these genes first evolving as close neighbors, then dispersing
around the genome and finally coming back together to be close
neighbors secondarily (“close” being taken as <80 kb in the case
of the SuperHox deductions; Butts et al., 2008). Whether this
assumption is justified will be returned to below, when discussing
the NK and pharyngeal clusters.
A further sub-component of the hypothetical Mega-cluster in
its initial formulation was the EHGbox cluster, composed of En,
HB9, and Gbx (Pollard and Holland, 2000). Given the appealing
sounding acronym for this gene cluster it is perhaps unfortunate
that the HB9 genes have since been renamed to Motorneuron
homeobox (Mnx) (Ferrier et al., 2001). Perhaps in view of this the
cluster should also be renamed, to the GEMbox cluster. However,
it could also be argued that the idea of an EHGbox/GEMbox
cluster can be dispensed with anyway. This is because the
molecular distances between the genes are in the order of
Megabases in mammals, and hence are much larger than the
kilobase distances that constitute the close neighbor relationships
since used for deduction of the SuperHox cluster, for instance.
Also, the En and Mnx genes of the EHGbox/GEMbox have been
subsumed within the SuperHox cluster (Butts et al., 2008).
Further genome sequencing projects have enabled the
composition of the SuperHox cluster to be extended slightly. The
inclusion of a non-ANTP-class gene, Hmbox (from the HNF-
class), has already been mentioned above, in the context of the
Mega-cluster and recent data from the myriapod S. maritima
(Chipman et al., 2014).
SINE/SIX GENE CLUSTERS:
CTCF-MEDIATED TADs
If we move out of the ANTP-class we find further examples of
homeobox gene clusters. One such cluster is that of the SINE-
class genes from the Six1/2, Six4/5, and Six3/6 families. This
cluster again is likely to have an ancient ancestry in animal
evolution. Six3/6 is clustered with Six1/2 in the non-bilaterian
T. adhaerens (which lacks a Six4/5 gene; Schierwater et al.,
2008). The full cluster of three genes is found across several
bilaterians, including the hemichordates (Simakov et al., 2015),
lophotrochozoans (Irimia et al., 2012; Simakov et al., 2013), an
echinoderm, and vertebrates (Gómez-Marín et al., 2015), whilst
the cluster has dispersed in insects (Figure 2). The situation in
vertebrates has been made more complex by the whole genome
duplications that occurred at the origin of vertebrates, followed
by a further duplication early in teleost evolution. Some gene
loss followed each of these whole genome duplications such that
in tetrapods there tends to be two SINE clusters, one of Six1,
Six6, and Six4 and a second of Six3 and Six2, with a third locus
containing only a single SIX gene, Six5 (Figure 2). In a teleost like
the zebrafish there are five clusters, two of which contain three
genes whilst three clusters possess only two genes (along with a
further locus containing one lone SIX gene; Figure 2).
Four of the five SINE clusters of zebrafish were recently shown
to be subject to long-range regulatory processes that result in
Topologically Associated Domains (TADs), the organization of
which is similar in both mouse and sea urchin (Gómez-Marín
et al., 2015). These TADs are bordered by CCCTC-binding
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FIGURE 2 | Evolution of the SINE/Six cluster. A cluster of at least two genes existed in non-bilaterians (e.g., T. adhaerens). Gene clusters are widespread across
the bilaterians, including deuterostomes (e.g., S. purpuratus, hemichordates, humans, and zebrafish) and at least one lophotrochozoan (the annelid, C. teleta), but not
in the insects (e.g., D. melanogaster and T. castaneum) in which the genes are dispersed across separate chromosomes. Closer study is required to resolve the
precise orthologs of the C. teleta genes relative to specific gene families (denoted by the pale blue coloration). Dark blue coloration denotes the optix/Six3/6 gene
family, green the So/Six1/2 gene family, and red the Six4/5 gene family. All data on gene identification and genomic locations is taken from both Ensembl (http://www.
ensembl.org/index.html) and HomeoDB (Zhong et al., 2008; Zhong and Holland, 2011), the Capitella genome portal (http://genome.jgi.doe.gov/Capca1/Capca1.
home.html), Gómez-Marín et al. (2015) and Simakov et al. (2015).
factor (CTCF) sites. This organization, with CTCF-bordered
TADs operating over homeobox gene clusters, has also been
found for the Hox clusters (Gómez-Díaz and Corces, 2014;
Maeda and Karch, 2015; Narendra et al., 2015), and is thus
likely to be a rather general mechanism at work in such gene
clusters.
THE TALE-CLASS Iroquois/Irx CLUSTER:
INDEPENDENT CLUSTER EXPANSIONS
The TALE-class of homeobox genes is one of the few classes
that evolved prior to the origin of the animals (Degnan et al.,
2009; Suga et al., 2013; see Figure 1). Within the TALE-class,
the Iroquois/Irx genes tend to be clustered in animals. This
gene cluster is a little different from the others discussed
here. Although, three-gene Irx clusters are widespread across
the animal kingdom there appear to be several cases of them
having evolved independently, via distinct instances of tandem
duplication that in several cases have produced gene clusters
of three genes. Thus, although Irx clusters are widespread
they are not entirely homologous across all lineages, in the
sense that the clusters have been produced from evolutionarily
independent gene duplication events. Comparable processes of
lineage-specific tandem gene duplication within homeobox gene
clusters can be seen in other clusters, such as the Hox (Ferrier,
2012). But the distinctive and intriguing difference about the
Irx clusters is that they have repeatedly settled on a three-gene
composition. This has happened independently for vertebrates,
amphioxus, drosophilids, a myriapod, and an annelid (Irimia
et al., 2008; Takatori et al., 2008; Kerner et al., 2009; Maeso et al.,
2012; Chipman et al., 2014). Why this might be so still remains a
mystery.
PRD-CLASS CLUSTERS: REMAINS OF A
PRD-CLASS MEGA-CLUSTER?
Mazza et al. (2010) identified the HRO cluster of PRD-class genes
in Cnidaria and protostomes, including insects and molluscs.
This cluster is composed of the genesHomeobrain (Hbn),Rax/Rx,
and Orthopedia (Otp). At least part of the cluster is even more
ancient than the cnidarian-bilaterian ancestor as Hbn and Otp
are also clustered in the placozoan T. adhaerens (Mazza et al.,
2010). Also, elements of the HRO cluster are now known to
be more widespread in protostomes than initially described.
For example, more recent whole genome sequencing projects
like that of the myriapod S. maritima have revealed that this
arthropod has also retained the HRO cluster (Chipman et al.,
2014).
Intriguingly, this HRO cluster exhibits temporal collinearity in
the cnidarian Nematostella vectensis (Mazza et al., 2010). That is,
the order of the genes along the chromosome corresponds to the
order in which they are activated during development. Temporal
collinearity has also been hypothesized to be the main underlying
reason for the maintenance of intact, ordered Hox and ParaHox
clusters (Ferrier andHolland, 2002; Ferrier andMinguillón, 2003;
Monteiro and Ferrier, 2006). Thus, there is the potential that
deeper mechanistic understanding of temporal collinearity can
be obtained by comparisons across all three homeobox clusters:
Hox, ParaHox, and HRO.
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Clustering of PRD-class genes is not confined to the HRO
cluster. The clustering of Goosecoid (Gsc) and Otx was noted
in amphioxus (Putnam et al., 2008; Takatori et al., 2008) and
the hemichordate genome sequences analyzed recently, reveal
that in one species (Ptychodera flava) Gsc also clusters with
Otx, but in another species (Saccoglossus kowalevskii) Gsc instead
clusters with Otp, Rx, Hbn, and Islet (Isl) (all of which are
PRD-class genes except Isl, which is LIM-class; Simakov et al.,
2015). Two things are noteworthy here. First, it will be important
to independently check the Saccoglossus gene arrangement,
particularly the location of Gsc. Second, the gene nomenclature
risks causing confusion and in extended Figure 4 of Simakov et al.
(2015), the authors have depicted the cluster containing an Arx
gene, when in fact the gene should be named Hbn or Arx-like on
the basis of its sequence. Arx is a distinct family from Hbn/Arx-
like, as seen in the cnidarian Nematostella vectensis (Ryan et al.,
2006; Table 1).
Looking deeper in animal evolution, Schierwater et al. (2008)
noted two instances of PRD-class clustering in T. adhaerens:
PaxB with Pitx and Ebx/Arx-like with Otp (this second cluster
also containing the LIM-class gene Isl). The Ebx/Arx-like gene
of Schierwater et al. (2008) is equivalent to the Hbn gene of
Mazza et al. (2010). This then, in combination with the new
hemichordate data, establishes the clustering of Otp with both
Hbn/Arx-like and Isl as an ancient cluster that has been conserved
from before the start of the Cambrian, over 541 million years ago.
Furthermore, in combination with the data on the HRO PRD-
class cluster of cnidarians and selected bilaterians, it is possible to
deduce an ancestral extended PRD-LIM class cluster including
Hbn, Rx, Otp, Gsc, Otx, and Isl (Figure 3). By comparison to
the large ancestral array hypothesized for the ANTP-class (see
above), we perhaps should now also view the PRD-class as having
evolved via a Mega-cluster array as well (which in turn was also a
sub-component of the Giga-cluster outlined above).
THE NK CLUSTER: AN ANCESTRAL
CLUSTER BREAKING APART OR
DISPERSED GENES COMING TOGETHER?
If we now return to the ANTP-class, a cluster of NK homeobox
genes has been known in insects likeDrosophila melanogaster for
a number of years, with a prominent role in patterningmesoderm
development (Jagla et al., 2001). The composition of the ancestral
insect NK cluster has been deduced by consideration of a range
of species, such that the “NK cluster” genes can be considered
to be a selection from Msx/Drop, tin/NK4, bap/NK3, Lbx,
Tlx/C15, slou/NK1, and Hmx/NK5, with subsets of this group
forming clusters in particular extant species (Luke et al., 2003;
Wotton et al., 2009). Combining this insect data with chordate
information has led to the hypothesis that the NK cluster in the
bilaterian ancestor included all of the insect “NK cluster” genes
as well as NK6 and NK7 (Wotton et al., 2009; Holland, 2013). An
NK cluster has also been described for the sponge Amphimedon
queenslandica (Larroux et al., 2007). More recently an NK
cluster has been identified in hemichordate deuterostomes,
with the composition of Hmx/Nkx5-Msx-Nkx3.2-Nkx4-Lbx-Hex
when both Saccoglossus kowalevskii and Ptychodera flava are
considered together (see Supplementary Extended Figure 4 in
Simakov et al., 2015). This is the most extensive deuterostome
NK cluster known, and it intriguingly includes the Hex gene.
This gene is also a member of the SuperHox cluster as well as
the Mega- and Giga-clusters (see above), thus possibly helping to
tie all of these clusters together.
In many other species, sub-components of the NK cluster
are found as “fragments” of the canonical cluster defined from
the insect–chordate comparisons. The assumption is that an
ancestral animal had an intact NK cluster and this cluster largely
remained intact on the lineage leading to insects, but on the
lophotrochozoan and deuterostome lineages the cluster started to
break apart. Intriguingly, these breaks are often in similar places,
such that the same sub-groups of “NK cluster” genes are found
as close genomic neighbors across phylogenetically disparate
species (Luke et al., 2003; Wotton et al., 2009; Hui et al., 2012). A
likely explanation for the retention of certain sub-components of
the NK cluster is that multigenic or shared regulatory elements
existed in the ancestral cluster which have been retained into
extant lineages. This then restricts the locations within the
cluster at which viable breaks can be made. Evidence for ordered
enhancers and insulator elements across a subset of NK cluster
genes in insects (Cande et al., 2009) lends support to this
hypothesis.
Gene nomenclature is complicated and often confusing for
the NK genes. This hinders comparisons across species (but see
Table 1 for an overview of many of the commonly used names
and synonyms for the NK genes). A further problem is that some
genes are not easily identified as belonging to a particular gene
family due to low node support values in the phylogenetic trees
used to classify the genes. This has been particularly troublesome
for the NK subclass of genes. One relevant example in the current
context is the difficulty with which the sponge NK cluster genes
are identified as particular homologs of bilaterian counterparts
(Larroux et al., 2007). The A. queenslandicaNK cluster is without
doubt an NK cluster, but the precise composition of this sponge
cluster relative to the bilaterian NK clusters is still open to some
debate due to the lack of robust, clearly resolved molecular
phylogenies (Larroux et al., 2007; Fortunato et al., 2014). Thus, it
is difficult to determine the precise composition of the NK cluster
in the earliest stages of animal evolution, before the origin of the
bilaterians.
The NK cluster also presents one of the clearest examples yet
of the uncertainty that we have about the dynamics and polarity
of evolutionary change in homeobox gene clusters: ancient
clusters breaking apart vs. dispersed genes coming together
(perhaps multiple times independently such that clusters might
not be homologous). A recent analysis of NK gene locations
across the densely sampled drosophilids revealed that these genes
can come together secondarily by multiple intrachromosomal
rearrangements over relatively short evolutionary periods, i.e.,
within genera rather than across phyla, at least for genes that
are already linked on the same chromosome (Chan et al., 2015).
In contrast, the presence of NK clusters in sponges, insects
and now hemichordates pushes us to assume that there was an
ancestral NK cluster formed via the types of tandem duplications
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TABLE 1 | Homeobox families present in the protostome–deuterostome ancestor (PDA).
Class Sub-class Family Synonyms Notes
ANTP EuHox Hox1 Labial (lab) Vertebrate Hox gene names also contain letters that
denote the paralogous cluster the gene is from,
e.g., HoxA1 or HoxA2b. This system replaced a
system of letters and numbers in 1993 (Scott,
1993), over-riding many old synonyms
ANTP EuHox Hox2 Proboscipedia (pb), maxillopedia (mxp)
ANTP EuHox Hox3 Zerknüllt (zen) Evolved to perform a non-Hox role in specification
of extraembryonic tissues within some insects
(Schmidt-Ott et al., 2010)
ANTP EuHox Hox4 Deformed (Dfd)
ANTP EuHox Hox5 Sex combs reduced (Scr), Cephalothorax (Cx)
ANTP EuHox Hox6-8 fushi-tarazu (ftz), Antennapedia (Antp), Ultrabithorax
(Ubx), abdominal-A (abdA), prothoraxless (ptl),
Ultrathorax (Utx), Lox5, Lox4, Lox2
ANTP EuHox Hox9-15 Abdominal-B (AbdB), Post1, Post2
ANTP SuperHox Evx (even-skipped homeobox) Even-skipped (eve)
ANTP SuperHox Meox (Mesenchyme
homeobox)
Mox, buttonless (btn), Hrox
ANTP SuperHox Mnx (Motorneuron and
pancreas homeobox)
HB9, HLXB9, MNR2, extra extra (exex)
ANTP SuperHox En (engrailed homeobox) Engrailed (en), eng
ANTP SuperHox Gbx (Gastrulation brain
homeobox)
Chox7, unplugged (unpg)
ANTP SuperHox Ro (rough)
ANTP SuperHox Dlx (Distal-less homeobox) Distal-less (Dll)
ANTP SuperHox Nedx (Next to distalless
homeobox)
CG13424, lateral muscles scarcer (lms)
ANTP SuperHox Hex (Hematopoietically
expressed homeobox)
PRHX, HOX11L-PEN, CG7056 Hex now provides a connection between the
SuperHox and NK cluster genes, combining the
data from Butts et al. (2008) with recent
hemichordate data ((Simakov et al., 2015); see text
for details)
ANTP ParaHox Gsx Genetic screen homeobox (Gsh1 and 2),
intermediate neuroblasts defective (ind)
ANTP ParaHox Pdx (Pancreatic duodenal
homeobox)
Xlox, IPF1, IDX1, STF1, MODY4
ANTP ParaHox Cdx (Caudal homeobox) Caudal (cad)
ANTP NK cluster Msx (Muscle segment
homeobox)
Drop (Dr), Msh
ANTP NK cluster NK4 tinman (tin), NKX2.3, NKX2C, NKX2-6, NKX2-5,
CSX, NKX2E, Nkx2.7
ANTP NK cluster NK3 bagpipe (bap), BAPX, NKX3
ANTP NK cluster Lbx (Ladybird homeobox) HPX-6, ladybird early (lbe), ladybird late (lbl)
ANTP NK cluster Tlx (T-cell leukemia
homeobox)
C15, 93Bal, clawless, Ect5, HOX11, TCL3, NCX,
Enx, RNX
ANTP NK cluster NK1 Slouch (slo), S59, Nkx1, HSPX153, SAX
ANTP NK cluster NK5/Hmx (H6 family
homeobox)
H6, Nkx5, SOHO-1
ANTP NK cluster NK6 NKX6, HGTX, Nnk6, GTX
ANTP NK cluster NK7 Nkx7
ANTP Emx (empty spiracles
homeobox)
E5, empty spiracles (ems)
ANTP Hlx (H2.0-like homeobox) H2.0, HB24
ANTP Dbx (developing brain
homeobox)
CG12361
(Continued)
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TABLE 1 | Continued
Class Sub-class Family Synonyms Notes
ANTP Barhl (BarH-like homeobox) BARHL, B-H1 and 2, Barh
ANTP Barx BarX
ANTP Bsx (Brain-specific
homeobox)
Bashed (Bsh), brain-specific homeobox (bsh)
ANTP Bari (Bar-related in
invertebrates homeobox)
CG11085
ANTP Vax (Ventral anterior
homeobox)
ANTP Noto (Notochord homeobox) Xnot, NotTa, Not, CNOT2, GNOT1, CG18599, flh
(floating head)
ANTP NK2.1 Scarecrow (scro), Nkx2.1, NKX2-4 In the pharyngeal cluster (see text for details)
ANTP NK2.2 Ventral nervous system defective (vnd),
Nkx2-2/2-8/2-9
In the pharyngeal cluster (see text for details)
ANTP Msxlx (Msx-like homeobox) CG15696 Incorporated into the pharyngeal cluster here (see
text for details)
ANTP Abox (Absent from Olfactores
homeobox)
CG34031
PRD Arx (Aristaless-related
homeobox)
Aristaless (Al), Pph13 (PvuII-PstI homology 13), ISSX
PRD Alx (Aristaless-like homeobox) CART1 (cartilage paired-class homeoprotein 1)
PRD Hbn (Homeobrain) Arx-like HRO cluster within the PRD/LIM mega-cluster
PRD Rax Rx HRO cluster within the PRD/LIM mega-cluster
PRD Otp (Orthopedia) HRO cluster within the PRD/LIM mega-cluster
PRD Gsc (Goosecoid) GSCL PRD/LIM mega-cluster
PRD Otx (Orthodenticle homeobox) Ocelliless (oc), orthodenticle (otd), Crx (cone-rod
homeobox)
PRD/LIM mega-cluster
PRD Pitx (Pituitary homeobox) Ptx1
PRD PAX Pax1/9 (Paired-box gene 1/9)
*
A member of the pharyngeal cluster (see text for
details). Pax1/9 lost the homeobox during evolution
PRD PAX Pon* Pox neuro (pon) Lacks a homeobox
PRD PAX Pax2/5/8 (Paired-box gene
2/5/8)
Shaven (sv) Has only a partial homeobox
PRD PAX Pax3/7 (Paired-box gene 3/7) Gooseberry (gsb), gooseberry neuro (gsbn), paired
(prd)
PRD PAX Pax4/6/10 (Paired-box gene
4/6/10)
Eyeless (ey), twin of Eyeless (toy)
PRD PAX Eyg (eyegone) Twin of eyegone (toe)
PRD PAX Pax-alpha For clarification of Pax gene evolution and
nomenclature see Friedrich (2015)
PRD Vsx (Visual systems
homeobox)
Chx10
PRD Dmbx
(Diencephalon/mesencephalon
homeobox)
MBX, OTX3, PAXB, Atx, Cdmx
PRD Drgx (Dorsal root ganglion
homeobox)
Prrxl1, CG34340
PRD Phox (Paired-like homeobox) PHDP (Putative Homeodomain Protein)
PRD Prop CG32532
PRD Prrx (Paired-related
homeobox)
CG9876
PRD Repo (Reverse polarity)
PRD Shox (Short stature
homeobox)
CG34367
PRD Uncx Unc4, OdsH (Ods-site homeobox)
(Continued)
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TABLE 1 | Continued
Class Sub-class Family Synonyms Notes
PRD Hopx Hop, Hodx, OB1, LAGY, NECC1, SMAP31, Hdop,
Toto, Cameo
LIM Isl (islet) tailup (tup) PRD/LIM mega-cluster
LIM Lmx (LIM homeobox) CG4328, CG32105
LIM Lhx1/5 (LIM homeobox 1/5) Lim1
LIM Lhx2/9 (LIM homeobox 2/9) Apterous (ap)
LIM Lhx3/4 (LIM homeobox 3/4) Lim3
LIM Lhx6/8 (LIM homeobox 6/8) Arrowhead (Awh)
SINE Six1/2 (sine oculis homeobox
homolog 1/2)
Sine oculis (so) SINE/Six cluster
SINE Six3/6 (sine oculis homeobox
homolog 3/6)
Optix SINE/Six cluster
SINE Six4/5 (sine oculis homeobox
homolog 4/5)
Six4 SINE/Six cluster
POU POU1 POU1F1
POU POU2 Nubbin (nub), pdm2, POU2F
POU POU3 Brn1/2/4 (Brain POU-domain gene), Ventral veins
lacking (Vvl), POU3L, POUV, oct25, oct60, POU3F
POU POU4 POUIV, POU4F, Abnormal chemosensory jump 6
(Acj6), Acj6-like
POU POU6 RPF-1, POU6F, Pdm3 (POU domain motif 3),
CG11641
PROS Prox (Prospero-related
homeobox)
Prospero (pros)
CERS Cers (ceramide synthase) Lag (Longevity assurance gene), Lass
ZF Zfhx (Zinc finger homeobox) Zfh2
ZF Zeb Zfh1
ZF Tshz* (Teashirt Zinc finger
homeobox)
Thought to have gained a homeobox on the
chordate lineage (Takatori et al., 2008)
CUT Cmp (Compass) Defective proventriculus (dve)
CUT Cux (Cut-like homeobox) cut (ct)
CUT Onecut
HNF Hmbox
HNF HNF
TALE Irx (Iroquois homeobox) Irq1-3, araucan (ara), caupolican (caup), mirror (mirr) Repeated evolution of Irx clusters (see text for
details)
TALE Mkx (Mohawk homeobox) CG11617, IFRX, IRXL
TALE Meis (Myeloid ecotropic viral
integration site)
Homothorax (hth), MRG1/2, Evi8, Stra10
TALE Pbx (pre-B-cell leukemia
homeobox)
Extradenticle (exd), G17, HOX12
TALE Pknox (PBX/knotted1
homeobox)
PREP Mukherjee and Bürglin (2007) argue for this family to
be called Prep, to avoid confusion with the distinct
Pbx family in animals and the knotted family in
plants. However, the Human Gene Nomenclature
Committee have adopted Pknox
TALE Tgif (TGFbeta-induced factor
homeobox)
Achintya (achi), vismay (vis), TGIFLX, TGIFLY, HPE4
Many of these families are more ancient than the PDA. The Subclass designations usually reflect ancestral clustering and linkage relationships. Numerous examples of these clusters
being dispersed in extant lineages exist. Many synonyms exist and the list provided is not intended to be exhaustive, but to provide some of the more commonly encountered names.
Human gene names tend to have all letters in the name capitalized, whilst mouse versions are lower case after the first letter. In the table the synonyms are not given for both human
and mouse orthologs when their names merely differ by this capitalization convention. Also, numbers are often omitted from after synonym names in the table, for the sake of brevity. In
vertebrates most of the gene names will also have numbers after them, to designate which paralog is being considered. Occasionally letters are used instead or as well, and these have
also been omitted from the table. With apologies to the nematode community, Caenorhabditis elegans synonyms have not been included, as these tend to be specific to this species
and are not widely adopted in other lineages, unlike the names of Drosophila and vertebrate genes. Asterisks denote cases where the gene lacks a homeobox (including Pax1/9, Pon,
and some Tshz genes), either through loss or gain during evolution of certain lineages. They are still included in this table to provide a more comprehensive overview. Information has
been taken from Ryan et al. (2006), Chipman et al. (2014), and HomeoDB (Zhong et al., 2008) in addition to the references cited in the table.
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FIGURE 3 | Composition of the PRD/LIM-class Mega-cluster. Specific
instances of gene clustering are listed against specific taxa, which when
considered together allow the deduction of the PRD/LIM-class Mega-cluster.
These animals include non-bilaterians (T. adhaerens and N. vectensis),
protostomes, and deuterostomes (hemichordates and amphioxus). Most
members of the array are PRD-class genes (black boxes), but there is also a
single member of the LIM-class (white box). The Pitx and Pax (PaxB) clustering
is found in T. adhaerens, but is not reported for another animal as yet, hence
the question mark to denote the ambiguity as to whether these PRD-class
genes can be included in the PRD/LIM-class Mega-cluster. The HRO cluster is
the PRD-class cluster originally described by Mazza et al. (2010). The figure
only shows established instances of clustering arrangements described in the
literature (see text for details). Lack of a gene alongside a taxon does not
necessarily represent absence of the gene from the genome of that species,
except in the case of Rax/Rx for T. adhaerens, which was not found in the
placozoan genome by Mazza et al. (2010) (denoted by “X”).
and cluster retention invoked in hypotheses of the evolution of
other homeobox clusters, and then this ancestral cluster simply
disperses (at least to a certain degree) in distinct lineages. How
then can the two opposing scenarios be reconciled? There is
insufficient data and too poor an understanding of genome
evolutionary dynamics to provide a definitive answer. However,
one relevant fact is clear: not all animal genomes are equal in
their evolutionary behavior, with some genomes evolving and
rearranging at much higher rates than others (Irimia et al.,
2012). This is most clearly exemplified by comparisons of
synteny across animals, which reveal that some species exhibit
high (statistically significant) levels of conserved synteny across
large evolutionary timescales [e.g., between cnidarians, chordates
(Putnam et al., 2007, 2008), some arthropods (Chipman et al.,
2014), and lophotrochozoans (Simakov et al., 2013)] whilst other
lineages show high rates of rearrangements such that little, if
any, conserved synteny can be seen even between members
of the same phylum [e.g., tunicates (Denoeud et al., 2010)
or some insects (Zdobnov and Bork, 2007)]. Consequently, it
is clear that this evolutionary diversity must be taken into
account and more homeobox linkage data is required from
a taxonomically widespread selection of species in order to
distinguish generalities from lineage-specific oddities.
Two further NK genes are not commonly considered as part
of the NK cluster, namely Nkx2.1 and Nkx2.2 (for synonyms see
Table 1). Furthermore, these NK genes tend not to be linked on
the same chromosome as the NK cluster genes (Hui et al., 2012),
which is taken as a further ancient interchromosomal split of the
ancestral Mega-cluster (if this ancestral cluster did actually exist;
see above). These genes have now been found to be components
of a “pharyngeal” gene cluster in some deuterostomes, which has
important implications for our understanding of the evolution of
gene clusters more generally.
THE PHARYNGEAL GENE CLUSTER
The pharyngeal gene cluster was first identified in vertebrates, but
has recently been described in other deuterostomes, including
hemichordates and an echinoderm (Simakov et al., 2015). This
gene cluster gains its name from several of the genes being
expressed in the pharyngeal regions of several species in which
the cluster is found. It consists of six genes; Nkx2.1, Nkx2.2,
Pax1/9, FoxA, mipol1, and slc25A21 (Simakov et al., 2015). Four
of the genes are transcription factor-encoding genes, two of
which contain homeoboxes (Nkx2.1 and Nkx2.2) and one of
which is derived from an ancestral homeobox-containing gene
[Pax1/9, which lacks a homeobox whilst other Pax genes have
retained some or all of their homeoboxes (Takatori et al., 2008)].
FoxA is the fourth transcription factor-encoding gene, but is
a forkhead domain-encoding gene rather than being from the
homeobox superclass. The clustering of these genes seems to
be due, at least in part, to the location of regulatory elements
of some of the transcription factor-encoding genes (Pax1/9 and
FoxA) within the introns of the two non-transcription factor
genes (mipol1 and slc25A21) (Simakov et al., 2015).
One of the distinctive features of this cluster, relative to the
clusters discussed above, is that it is not composed of genes
that are all related to each other by gene duplication. Also,
Simakov et al. (2015) report that although the cluster can be
found in several different deuterostomes, it has not yet been
found in any non-deuterostome and thus is likely to have evolved
specifically in the deuterostome lineage. It will be important to
continue investigating whether the pharyngeal cluster is indeed
deuterostome-specific, as further genome sequences become
available, as discussed further below.
Since orthologs of these pharyngeal cluster genes do exist
in non-deuterostome animals then it seems this gene cluster
constitutes an example of a cluster being assembled secondarily
during evolution. How this then impacts on our understanding
of the homeobox gene clusters described above remains to be
seen. Much of the thinking on homeobox clusters has included
assumptions that tight physical linkage reflects an ancestral
genomic juxtaposition, as described for several of the clusters
mentioned above. This has always seemed reasonable due to the
genes being in the same class or superclass and hence being
related via gene duplication. Since the most common form of
gene duplication is tandem duplication (Mendivil Ramos and
Ferrier, 2012) then it seems reasonable to suppose that closely
neighboring homeobox genes first arose as gene neighbors that
have stayed as neighbors in some lineages. This is in contrast
to the less parsimonious alternative that such genes first arose
as tandem duplicate neighbors, were then dispersed around the
genome during evolution, but secondarily came back together
again to be close neighbors only in some lineages.
However, perhaps we need to revise our assumptions about
such evolution of genome architecture. The assembly of a
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functional gene cluster such as the pharyngeal cluster by
“pulling genes together” during evolution, rather than tandemly
duplicating genes and then co-regulating them, provides an
important contrast to the homeobox gene clusters.
Perhaps the pharyngeal cluster can be viewed as an extreme
version of the co-regulated gene “clusters” such as muscle
or house-keeping genes loosely co-localizing in some animal
genomes (Hurst et al., 2004), or groups of genes regulated
by the same transcription factors or localizing in the same
nuclear domains of transcriptional activity then coming to
lie in the same regions of genomes following rearrangements
during evolution (Janga et al., 2008; Zhang et al., 2012;
Farré et al., 2015; Vieux-Rochas et al., 2015). An extension
of this evolutionary process might then have involved the
pharyngeal cluster being “driven” toward the more extreme,
tighter clustering by further consolidation under overlapping or
pan-cluster regulatory mechanisms. Consolidation under long-
range, multigenic regulatory mechanisms has been hypothesized
for the evolution of vertebrate Hox gene clusters (Duboule,
2007). Also, the evolutionary stabilization of genome neighbors
can be linked to long-range regulatory elements acting on
developmental control genes across genomic distances that also
happen to harbor neighboring bystander genes, as also seems to
be happening for the pharyngeal cluster (Simakov et al., 2015).
However, how “difficult” or “easy” it is for such arrangements
to evolve, and tight clusters of functionally related genes be
assembled secondarily, still needs to be examined more widely
across the animals. Also, if such a “secondary” evolutionary
process is to be invoked for homeobox clusters such as the Hox,
ParaHox, NK, and so on, then it will be necessary to establish
the additional likelihood of tandemly duplicated genes dispersing
prior to then coming together again secondarily in a process
comparable to the assembly of the pharyngeal cluster.
There is an additional gene that should perhaps also be
considered in the context of the pharyngeal cluster: Msxlx.
Although Simakov et al. (2015) do not formally include this
homeobox gene in the pharyngeal cluster, they do show that it
is present in the clusters of hemichordates and the echinoderm
Acanthaster planci. Msxlx is also clustered with Nkx2.2 in
the protostome Lottia gigantea (Simakov et al., 2015). This
is intriguing, and indicates that it is definitely necessary to
look more closely across a wider range of species before we
conclude that the pharyngeal cluster definitely does represent a
deuterostome-specific entity (rather than simply a cluster that has
dispersed in the limited range of non-deuterostomes examined
to date). Examination of the expression of Msxlx in a range of
species is also required. The expression has been studied in the
invertebrate chordate amphioxus (Branchiostoma floridae; Butts
et al., 2010). Butts et al. (2010) focused on Msxlx because it is
one of a small handful of homeobox genes that have been lost
during the evolution of the Olfactores (i.e., the urochordates
plus vertebrates). This accounts for why it is not found in
the pharyngeal clusters of vertebrates, but, more importantly,
the expression in amphioxus exhibits an intriguing association
with the pharyngeal region (as do the other “lost” homeobox
genes investigated by Butts et al., 2010). Amphioxus Msxlx is
expressed in the region of the anterior endoderm that constitutes
Hatschek’s left diverticulum, and develops into the pre-oral pit
by fusing with the ectoderm. This is thought to be homologous
to the vertebrate adenohypophysis. The genes of the pharyngeal
cluster, including Msxlx, are thus an interesting group of genes
to investigate further for two main reasons. Firstly, the evolution
of their genomic organization is intriguing, for the potential
for improving our understanding of gene cluster evolution.
Secondly, the evolution of their expression is interesting in the
context of understanding the evolution of the pharyngeal region.
CONCLUSION
The instances of homeobox gene clustering discussed above are
focused on those that are already described in, or can be gleaned
from, the literature. There are likely to be additional instances of
homeobox clustering to be found in the ever-increasing number
of whole genome sequences that are becoming available, which
will enable further refinement of the clusters described here
as well as possibly providing new examples of clusters that
had ancient origins but have thus far been overlooked. It is
valuable to continue to search for such clusters as they provide
important insights into evolutionary transitions, both in terms
of animal development as well as genome organization. Such
links between genome organization, as represented by cluster
organization, and the evolution of animal development have
been the focus of much attention for the renowned Hox genes,
almost ever since their discovery in the 1980s. The further
homeobox clusters discussed here provide a whole new suite of
opportunities to expand the study systems available to us for such
evolutionary developmental genomics research. Such research
is also vital if we are to understand the evolutionary dynamics
of animal genomes and distinguish primary from secondary
clustering.
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